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INTRODUCTION 
State-of-the-art integrally stiffened composite materials, manufactured for use in the next 
generation of commercial and military aircraft, are being increasingly used for structural 
components such as wings and fuselages. However, due to the complexity of the 
manufacturing process, small variations in the shape of integrally stiffened composite 
structures often occur. Thus, a priori knowledge of the part shape often does not provide 
sufficient tolerance to allow an automated conventional ultrasonic inspection. Many of the 
advantages of laser-based ultrasonics, including its noncontacting nature and applicability to 
rapid scanning of contoured and integrally stiffened structures, have been described 
previously [1-5]. To further extend the utility oflaser-based ultrasonics, enable limited access 
inspections and also provide an upgrade/retrofit path for existing ultrasonic scanning 
systems, it is desirable to reduce the size of current laser-based ultrasound (LBU) system 
scan heads and provide both generation and detection laser beam delivery via optical fibers. A 
prornising approach is the use of a scanning head based on a Cassegrain optical collection 
system. This approach rninirnizes the load carrying requirements of the scanning assembly 
and is also well-suited for integration with fiber optics to allow the delivery and reception of 
the ultrasonic generation and detection Iaser beams via long lengths of optical fiber. This 
provides increased mobility of the LBU scan head and allows the ultrasonic generation and 
detection Iasers and other sensitive equipment to be housed in a clean environment which 
potentially can be located hundreds of meters from the inspection area. The use of a pulsed 
C(h Iaser has been reported previously for generation of ultrasonic waves in composite 
materials [4]. However, the C02 1aser wavelength (A. = 10.6 Jlm) and the highpeakpower 
laser pulses precludes the use of fiber-optic beam delivery over all but very short lengths 
( < 1.5 m) of specialized optical fiber. Consequently an alternative generating laser has been 
sought that can be transmitted efficiently over standard quartz optical fiber. An alexandrite 
laser, which is tunable over the 720-800 nm wavelength range, is being investigated for this 
application. Progress towards the implementation of a fiber-based LBU system for rapid 
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NDE of large-area composites, and the use of an alexandrite Iaser for ultrasonic generation in 
composite rnaterials are described below. 
THE CASSEGRAIN SCANNING SYSTEM 
The Cassegrain Scan Head 
The concept for the Cassegrain scanning system is shown in Figure 1. The generation 
and detection Iasers are located remotely and transmitted to the Cassegrain scan head via long 
lengths of optical fibers. The fibers are terminated with high power SMA 905 connectors and 
interface with an optical subassembly that is mounted beneath the Cassegrain scan head. 
Optical elements in the subassembly allow recollimation of the Iaser bearns as they exit the 
delivery fibers. A dichroic mirror is also used to combine the generation and detection Iaser 
beams, and a mirror attached to the rear of the secondary mirror (Figure 2) deflects the beams 
to the target and ensures that they propagate coaxially with the optical axis of the Cassegrain 
scan head. 
A Cassegrain optical system (Figure 2) is a two-mirror configuration in which the 
secondary mirror is located between the primary mirror and its irnage plane. Commonly it 
is used for optical telescopes which have the object at infinity. However, for use as the 
collection optics for an LBU system, it is required to operate with object distances of 1 to 2 
meters. It has the advantage of combining both the beam scanning and light collecting 
functions of the LBU system into a single compact unit. The key requirement of the design 
is to minimize the loss of light as the Cassegrain scan head is scanned over the target. The 
Iosses will vary with distance to the target surface (range) and with the difference between 
the maximum and minimum range. The primary Iosses are caused by blockage of the 
incoming light by the secondary mirror of the Cassegrain system and by overftlling of the 
primary collection aperture or of the receiving optical fiber. The current design employs a 
254 mm diameter, -160 mm focallength spherical primary mirror. The scan head was 
designed to accommodate two interchangeable secondary mirrors, a flat mirror and a -45 
mm focallength convex mirror, that allow the unit to be used at both a short range (0.84 -
1.22 m) and a long range (1.42- 1.68 m) respectively. The secondary mirrors may be 
swapped without adjustrnent of any other optics. This configuration allows the collection 
optics tobe mounted in a 280 mm diameter housing which is -210 mm long. Scanning of 
the Cassegrain scan head is performed in both azimuth (fast axis) and elevation (index 
axis), with an angular azimuthal velocity of 45°/s and an angular range of ± 45° in both 
azimuth and elevation. The azimuthal motor and controller provide an encoder output which 
is programmed to give a TTL signal when the scanner has arrived at the target position. 
This capability allows synchronization of the Cassegrain scanner position with the frring of 
the generating and probe Iasers, which is essential for correct data acquisition and spatial 
registration. 
Ideally, the focussed output of the Cassegrain optical collection system should be 
coupled into an optical fiber, located at the prime focus, which provides a flexible 
transmission path to the spherical Fabry-Perot interferometer (SFPI) [6-8]. The range and 
the angle of incidence (for a flat panel) are a minimum when the optical axis of the 
Cassegrain scanner is perpendicular to the target surface, and are a maximum when it is 
pointed at the comers of the inspection area. Thus, the distance between the secondary 
524 
lnspection Region 
Figure 1. Concept for the Cassegrain scanning system. 
mirrar and the image plane will vary during a raster scan, and minimization of the optical 
collection loss at the receiving optical fiber must be considered. Two approaches can be 
pursued. Either the distance between the fiber and the secondary mirrar can be varied so 
that the fiber tracks the imageplane as the Cassegrain is scanned over a raster, or the 
distance can be fixed at an optimum location for a specified difference between the 
maximum and minimum range. Paraxial obscuration calculations showed that if the 
receiving fiber used with the Cassegrain scanner was to be stationary and not track the focal 
plane of the image, its diameter must be about 6 mm to keep the lasses reasonable. Single 
optical fibers with maximum diameters of 2 mm are commercially available. However, 
coherent optical fiber-bundles with diameters exceeding the calculated requirements can be 
obtained. Although a single fiber would be preferable, because of the availability of long 
lengths, a 2 m length coherent optical fiber-bundle, which has an input area of 7 mm x 7 
mm, was used to demoostrate feasibility. This approach also simplified the design of the 
Cassegrain system, since implementation of an autofocussing system was not required. 
The coherent optical fiber-bundle has a minimum bend radius of -100 mm, which is more 
than adequate to follow the motion of the scan head during a raster. The transmittance of 
the coherent optical fiber-bundle was measured to be -40% (A = 1064 nm) and has an 
effective numerical aperture (NA) of 0.6, which exceeds the requirements for matehing the 
etendue of the 1 m length SFPI. Although a coherent optical fiber-bundle preserves spatial 
coherence, phase coherence is not preserved. However, experiments verified that phase 
incoherence of the coherent optical fiber-bundle does not appear to introduce any 
deleterious effects, and uHrasonie signals were successfully detected after an ultrasonically 
phase modulated light beam was transmitted through the coherent optical fiber-bundle and 
imaged through the SFPI. 
LASER BEAM DELIVERY VIA OPTICAL FIBERS 
Coupling Generation and Probe Laser Beams to the Cassegrain Scanner 
A key to the Cassegrain scanner concept is the efficient transmission of the generation 
and probe Iaser beams through long lengths of optical fiber. Silica core multimode fibers, 
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Figure 2. Schematic diagram ofthe Cassegrain optical collection system. 
that can operate efficiently at the Nd: Y AG (A. = 1064 nm) and alexandrite Iaser (A. = 720-
800 nm) wavelengths and that can satisfy the high peak power Iaser pulses requirements, 
are readily available from several commercial vendors. A 100 m length of silica optical fiber 
(3M™ TECS™ hard-elad fiber), with an NA of 0.39, was used for delivery of each of the 
generation and probe Iaser beams. The core diameters were 600 J..lm and 1000 J..lm for the 
long-pulse Nd:YAG probe Iaser and the alexandrite generation Iaser, respectively. For 
optimum coupling, the fiber ends were terminated with high power SMA 905 connectors. 
The long pulse Nd: Y AG Iaser has a peakpower of- 1 kW [9] with resulting power 
densities of- 360 kW/cm2 when focussed to fill a 600 J..lm core optical fiber. Thus the 
power densities are cornfortably below the 1-5 GW /cm2 darnage threshold specification for 
the fiber. The alexandrite Iaser has a typical pulse duration of 95 ns, resulting in apower 
density of -0.54 GW/cm2 at the input to a 1000 J..lm core diameter fiber, assurning 100 mJ 
incident pulse energy. The alexandrite Iaser thus has morestringent alignment requirements 
to avoid darnage to the fiber caused by overfilling. However, both Iasers require well-
prepared fiber end faces to avoid localized absorption sites, which can Iead to thermally 
induced failure. 
The 100 m lengths of optical fibers were successfully used to demonstrate delivery of 
the generation and probe Iaser beams over long lengths of optical fiber with the Cassegrain 
optical scanning system. Attenuation in the optical fiber is roughly equal for the alexandrite 
and Nd: Y AG Iaser wavelengths at -3 dB/km. This translates to a theoreticalloss of-7% 
over a 100m length of optical fiber. Experimentally, a reduction in ultrasonic signal of 
-10% was measured when the probe Iaser delivery fiber length was increased from 3 m to 
100m. Sustained output energies of 65 mJ (alexandrite) and 60 mJ (LPPL) have been 
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demonstrated at pulse repetition rates of 20 Hz. Flexing of the optical fiber does not seem 
to affect the transmitred power. This is an important result, since the fiberwill undergo 
some flexing during scanning of the Cassegrain optical system, and variations in the 
delivered generation or probe Iaser energies would result in fluctuations in the detected 
ultrasonic wave amplitude that could not be easily compensated for. The overall coupling 
efficiency and attenuation of the 100 m fiber length result in a transmission efficiency of 
-80%. 
EXPERIMENT AL RESULTS 
Relative Collection Efficiency of Cassegrain and Galvanometer Scanning Systems 
A quantitative comparison has been made of the relative optical power collection 
efficiencies of the Cassegrain and galvanometer mirror scanning systerns and of the 
variation in their sensitivities over a scan range of ±5° in both X and Y directions. The path 
lengths between the limiting aperture of each of the scanning systems and the sample were 
equalized, and the output optical power from the optical scanning system was measured 
using a photodetector located at the input to the SFPI. Figure 3 shows the resulting optical 
power contour plots that were obtained for the two scanners using a white painted 
graphite/epoxy panel as a test target. For the galvanometer mirror scanning system (Figure 
3a) there is a large amplitude on-axis component, which corresponds to the specular 
reflection from the sample. At angles greater than -±0.6°, the specular component is 
vignetted by the limiting aperture in the scanning system. Beyond this angle, the diffuse 
optical wavefield is detected which has an approximately uniform amplitude over the ±5° 
angular range. In contrast, the image obtained with the Cassegrain scanning system (Figure 
3b) has a region of low amplitude in the central portion of the image, which corresponds to 
the zero angle of incidence position. This occurs because the specular reflection is blocked 
by the beamsteering mirror which is attached to the back of the secondary mirror (Figure 
2). Thus for the Cassegrain system, only the diffuse component is detected in the on-axis 
configuration. As the scanner moves off-axis, at larg~ enough angles the specular 
component is no Ionger blocked, but is collected by the primary mirror of the Cassegrain 
system from which it is transmitted through the system into the coherent optical fiber-
bundle. Figure 3b shows clearly that within the specular component there are regions of 
lower amplitude which are visible as 45° lines crossing the central potion of the surface 
plot. These regions correspond to the legs of the spider that holds the secondary mirror in 
place. Since the specularly reflected beam was larger in diameter than the spokes, only 
partial extinction occurred in these regions. At angles greater than -±2.25°, the specular 
component was vignetted by the Cassegrain collection optics. Note that this angular range 
is - 3.7 times greater than that of the galvanometer system, due tothelarger collection 
aperture of the Cassegrain system. Beyond this angular range, the diffuse optical wavefield 
is detected which, again, has an approximately uniform amplitude over the ±5° angular 
range. Although not evident in the normalized images of Figure 3, the Cassegrain system 
exhibits a 16.4x increase in the optical power collected at the scan area extremities when 
compared with the galvanometer scanner. This value takes into account the opticallosses in 
each system, and so is an absolute measure of the improvement in optical power collection 
efficiency at the input to the SFPI. Assuming that all of the light is collected by the SFPI, 
the detected amplitude of the ultrasonic waves collected from the extremities of the scanned 
area by the Cassegrain scannerwill be increased in amplitude by -24 dB. Basedon this 
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Figure 3. A comparison of the normalized optical power collection efficiency of the 
(a) galvanometer and (b) Cassegrain scanning systems. 
assumption the measurements indicate the variation in the ultrasonic signal amplitude that is 
due solely to scanning is 47 dB for the galvanometer scanner, but is only 22 dB for the 
Cassegrain scanner. The smaller dynamic range of the Cassegrain-detected signals over the 
scanned area allows an additional 25 dB of dynarnic range for signal variability. Such 
variability may be caused by ultrasonic attenuation within the part. Further when using an 8 
bit waveform digitizer with a dynarnic range of 48 dB, the gain setting of the digitizer is 
less critical. 
Relative Generation Efficiencies 
A comparison was made of the generation efficiency of the alexandrite, Nd: Y AG and 
C02 generating Iasers when used for generation of longitudinal waves in transmission 
mode in a bare graphite/epoxy panel. The alexandrite Iaser pulse had a full-width-half-
maximum (FWHM) duration of -95 ns, with the Nd: Y AG and C02 lasers having pulse 
durations of -17 ns and -95 ns, respectively. The long-pulse Nd: Y AG probe Iaser was 
used to detect the ultrasonic waves. Each of the generation Iasers was constrained to a 5 
mm diameter illumination source and was operated at pulse repetition rates of 20 Hz and 
energy Ievels sufficiently low that darnage was not observed in the graphite/epoxy sample. 
Foreach generating Iaser, the average peak-to-peak longitudinal pulse amplitude and 
average incident Iaser energy were measured for 100 waveform acquisitions. Experimental 
results (Table I) show a comparison of the normalized longitudinal wave amplitudes 
resulting from each generation Iaser. The effect of the different Iaser pulse durations was 
not taken into account in this analysis, since the goal was to select an optimum Iaser 
configuration for maximizing the LBU system signal-to-noise ratio (SNR). 
The results presented in Table I show that the generation efficiencies are markedly 
different for the three types of Iasers for graphite/epoxy. This result is expected because of 
the different transmission characteristics of the epoxy resin as a function of incident 
generating Iaser wavelength [1,4]. Ultimately, these values will be calibrated so that they may 
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Table I. Comparison of normalized longitudinal wave arnplitudes generated in bare 
graphite/epoxy sarnples using pulsed alexandrite, Nd: Y AG and C02 generation Iasers. 
Generation Laser Amplitude (mV/mJ) 
Nd:YAG (A. = 1064 nm, 17 ns) 8.7 
Alexandrite (A. = 755 nm, 95 ns) 4.3 
C02 (A. = 10.6Jlm, 95 ns) 2.3 
be presented with more useful units of nm/mJ. The Nd:YAG Iaser is most efficient for 
generation ofultrasound, followed by the alexandrite Iaser and then the C02 laser. Previous 
work has shown that the transmittance through typical resins is highest for the Nd: Y AG 
Iaser, followed by the alexandrite Iaser, so that the results for the experimentally determined 
generation efficiency are perhaps as expected. The C02 Iaser wavelength results in distributed 
absorption within the resin layer, thus generating a volumetric source as opposed to a buried 
source. A buried source is known to be more efficient for generation of ultrasonic waves than 
a volumetric source. Initial Observations for a white painted graphite/epoxy panel have 
produced unexpected results. Interestingly, in contrast with the Nd: Y AG and C02 lasers, the 
alexandrite Iaser has reduced generation efficiency on white painted graphite/epoxy. Further 
studies are in progress to determine the reasons for these observations. 
As an additional note, previous work [4] had shown that it was difficult to cause thermal 
darnage in graphite/epoxy composites with a pulsed C02 generation Iaser, having incident 
pulse energies of -130 mJ and a pulse width of -95 ns. lt was alluded that darnage was 
prevented as a result of the increased pulse length of the C02 laser, compared with a 17 ns 
Nd: Y AG generation Iaser. Initial darnage threshold studies, in related work not presented 
here, indicate that the alexandrite Iaser, which also has a 95 ns pulse duration, does not 
provide a damage-free generation source above- 25 mJ incident energy. A similar result was 
reported for a long-pulse Nd:YAG generation Iaser [10]. Perhaps the key to avoiding darnage 
in composite materials, as reported with a pulsed C02 laser, is primarily associated with 
distributed absorption within the epoxy layer, in addition to the Ionger pulse width. 
SUMMARY 
The design, manufacture and assembly of a compact Cassegrain scanning optical 
collection system have been completed and integrated into the LBU system. The Cassegrain 
optical collection systemwas shown to have an off-axis optical power collection efficiency 
which exceeded that of a previously used galvanometer mirror system by -16.4x. 
Additionally, the Cassegrain system approach allows an improved dynarnic range to be 
realized. The delivery ofboth the alexandrite generation Iaser pulses (65 mJ) and the long-
pulse Nd:YAG probe Iaser pulses (60 mJ) has been successfully demonstrated over 100m 
lengths of optical fiber, at Iaser pulse repetition rates of 20Hz. The use of an alexandrite Iaser 
for the generation of ultrasonic waves in bare graphite/epoxy composites has been 
successfully demonstrated. Integration and synchronization of all of the Iaser systems are 
completed, and an ultrasonic C-scanning demonstration of the fiber-based laser-ultrasonics 
system is expected shortly. 
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